Introduction {#S0001}
============

Superparamagnetic iron oxide nanoparticles (SPIONs) represent a class of nanoparticles with arguably the most promising potential for clinical translation. Their strong magnetic susceptibility, attributable to their nanoscale geometric confinement, enhances contrast in magnetic resonance (MR) imaging, which is an essential diagnostic clinical imaging modality. Indeed, a number of SPION-based nanoparticles have already demonstrated valuable clinical applications in oncology, neurology and cardiology.[@CIT0001]--[@CIT0003] SPIONs thus represent an attractive nanoparticle platform for versatile clinical nanomedicine applications.

Feraheme^®^ (Ferumoxytol, AMAG Pharmaceuticals, Waltham, MA, USA) is a nanoparticle comprised of an ultra-small (≈5 nm diameter) SPION core and a carboxymethyl dextran polymer coating, giving an effective hydrodynamic diameter of ≈30 nm. Since being FDA-approved for treating iron-deficiency anemia, Feraheme has attracted considerable attention and is increasingly being used off-label as an MR imaging contrast agent, not only as an alternative to conventional gadolinium-based agents but also because of its unique and favorable pharmacologic, metabolic and imaging properties.[@CIT0004] In particular, FH has proven to be an effective biological marker of inflammation, as a result of being uptaken from the blood pool by immune cells (see [Figure 1](#F0001){ref-type="fig"}). Thus, FH-enhanced MR imaging can be used to non-invasively detect monocyte/macrophage trafficking and localize inflammatory lesions.[@CIT0005],[@CIT0006]Figure 1Following intravenous injection, FH SPIONs slowly extravasate from vascular space to interstitial space, from where they can be taken up by immune cells (monocytes/macrophages) and delivered via lymphatic vessels to lymph nodes. The FH SPIONs remain in normal nodal tissue and reduce MRI signal intensity, thereby enhancing contrast against any metastatic lesions in the node.**Abbreviations:** FH, Feraheme; SPIONs, superparamagnetic iron oxide nanoparticles.

In our ongoing studies,[@CIT0007]--[@CIT0009] Feraheme was used as a nanoparticle platform to label a number of radio-isotopes commonly used in nuclear medicine, particularly Positron Emission Tomography (PET). Importantly, radiolabeling was achieved using a recently developed technique, heat-induced radiolabeling (HIR).[@CIT0007],[@CIT0010] The technique is chelate-free and is thus more favorable for clinical applications than conventional labeling methods that rely on different chemical chelators unstable and/or alter nanoparticle biodistribution in vivo.[@CIT0011],[@CIT0012]

The motivation for radiolabeling FH with PET tracers is to take advantage of multi-modal PET-MR imaging technology, which is proving invaluable in a growing number of clinical imaging applications.[@CIT0013]--[@CIT0015] Other chelate-free approaches have been demonstrated in previous studies[@CIT0016],[@CIT0017] where ^64^Cu and ^68^Ga are introduced during microwave-assisted iron oxide nanoparticle synthesis (with radiolabeling yields of 33% and 87%, respectively). Using this doping method, Pellico et al[@CIT0017] demonstrated biodistribution measurements based on sequential PET and MR imaging (single T1 modality). Simultaneously acquired PET-MR integrates the high sensitivity of PET with the spatial resolution and soft tissue contrast provided by MR imaging. FH is most often used to enhance dark contrast against tissue, by virtue of its ability to quench the MR signal by shortening the transverse (spin-spin) relaxation time, T2. However, dark contrast can be difficult to discern in a clinical setting, especially for some applications such as detection and diagnosis of metastases in the lymph nodes, which are typically only ≈1-2 cm in diameter and display intra-nodal contrast variations in FH-enhanced MR imaging when metastases is present.[@CIT0018],[@CIT0019] Furthermore, increasing the FH Fe dose is not desirable because FH aggregation can affect the MR-derived attenuation maps needed by PET in simultaneous PET-MR.[@CIT0020] FH radiolabeled with a PET tracer can thus take advantage of the high sensitivity bright signal from PET to readily detect the presence of FH in regions where the MR contrast is too low and/or the signal too noisy. Conversely, anatomical features, such as a lymph node, can be identified with MR, which has a spatial resolution (≈1 mm in standard clinical scanners) that is typically an order of magnitude better than PET.

To date, relatively few studies have investigated the potential for hybrid PET-MR imaging of radiolabeled SPIONs.[@CIT0021]--[@CIT0024] Here we used the PET tracer \[^89^Zr\]Zr-FH and focus our attention on acquiring, for the first time, simultaneous PET-MR images using phantoms to demonstrate proof-of-principle of how \[^89^Zr\]Zr-FH, a radio-nano-platform, are useful for hybrid PET-MR enabling a gain in image quality that would otherwise not be possible with either image modality alone.

Materials and Methods {#S0002}
=====================

General {#S0002-S2001}
-------

Feraheme^®^ (FH, AMAG Pharmaceuticals, Waltham, MA, USA) has the non-stoichiometric formula Fe~5874~ O~8752~:C~11719~ H~18682~ O~9933~ Na~414~. A single 17 mL vial of FH containing 510 mg elemental iron (30 mg Fe/mL) was used in this study. \[^89^Zr\]Zr^4+^ (half-life 78.41 hrs) was obtained from Perkin-Elmer (batch number ZIRM0581) in its oxalate form shipped in 1 M oxalic acid with a specific activity of ≈ 993.5 MBq/mL (34.7 MBq/0.035 mL). Chelex-treated water (CTW) with pH = 10 was prepared according to the online batch protocol (Sigma-95621-100G-F) and purified by using a 0.2 µm filter (Thermo Scientific, Nalgene Disposable filter Unit, 4500--0020). Na~2~CO~3~ (1 M in CTW, Sigma-S7795-500G) was used for \[^89^Zr\]Zr-oxalate neutralization and pH adjustment of reaction mixtures. Deferoxamine mesylate salt (DFO, Sigma-D9533) (20 mM) was prepared in CTW and used to quench the reactions. Size exclusion chromatography (SEC), PD-10 columns (GE Healthcare, cat \# 17085101) and 0.9% saline (cat V00410) were used for sample purification and radiochemical analysis. Volume fractions were counted on a Wizard 2480 (Perkin-Elmer) gamma counter. Purified radiolabeled samples were concentrated using an Amicon 30 kDa MC centrifugal filter (Sigma-Z717185). A strong cation exchange radio-thin layer chromatography (radio-TLC) plate was used (Sorbent Technologies, Cat\#: 1224026). The TLC plates were pre-soaked at the origin section by chelexed water and dried by a small fan immediately before use. A silicon monoxide (SiO) grid was used for transmission electron microscopy (TEM). TEM micrographs were acquired using a 200 keV JEOL-2100 electron microscope. Glass vials (1.8 mL with diameter and length of 11.6 and 32 mm, respectively) were used as phantoms. All phantom images were acquired using a simultaneous pre-clinical PET-MR scanner (MR Solutions 3T). A standard whole mouse body protocol was used for the PET scan and a T1-weighted (T1W) and T2-weighted (T2W) fast spin echo sequence was used for the MR scans.

Experimental Methods {#S0002-S2002}
--------------------

### Heat-Induced Radiolabeling (HIR) {#S0002-S2002-S3001}

HIR was carried out according to the published protocol.[@CIT0007],[@CIT0010] Briefly, three identical FH samples were prepared, two for radiochemical analysis and one for phantom imaging. For each sample, the reaction mixture was prepared by adding 20 µL \[^89^Zr\]Zr (m~Zr~ ≈ 0.0125 nmol, N~atoms~ ≈ 7.5×10^12^, with A~0~≈18.5 MBq) and 50 µL CTW into a 0.3 mL glass vial. The pH was adjusted to ≈ 8--9 by gradually adding 20 µL Na~2~CO~3~ (1 M). Next, 33.3 µL FH (1 mg, m~Fe~ ≈ 17.9 µM, N~Fe\ atoms~ ≈ 107×10^17^, N~FH~ ≈ 184 ×10^13^) was added to the reaction mixture and the total volume was brought up to 200 µL by adding CTW (96.7 µL). The final pH was measured to be ≈ 8.5--9. A magnetic stirrer bar was fitted within the glass vial, which was then placed in a silicon oil bath and the reaction mixture was heated for 2 hrs at 120°C. Next, the reaction mixture was cooled in an ice bath for 15 mins under stirring. Finally, DFO (5 µL, pH ≈ 7.5, 20mM) was added to quench the reaction by reacting with remaining free \[^89^Zr\]Zr ions and dissociating any loosely bound \[^89^Zr\]Zr ions from the FH nanoparticles. The quenching process was performed for 15 mins under room temperature incubation and magnetic stirring. A summary of the experimental procedure is shown in supplementary [[Figure S1](https://www.dovepress.com/get_supplementary_file.php?f=241971.pdf)]{.ul}.

### Radiochemical Analysis {#S0002-S2002-S3002}

Size exclusion chromatography (SEC) and radio-thin layer chromatography (radio-TLC) were performed according to our previous published protocol[@CIT0007] to obtain the radiochemical yield and purity (RCY and RCP).

The reaction mixtures were loaded on PD-10 columns and isotonic saline solution (made by Na~2~CO~3~ neutralization from pH 5--6 to pH 7.4) was used for volume elution. After the reaction mixture was loaded on a PD-10 column, about 2.3 mL of saline was the void volume which allowed the separation of the ^89^Zr-FH from ^89^Zr-DFO within the column ([[Figure S2A](https://www.dovepress.com/get_supplementary_file.php?f=241971.pdf)]{.ul}). Next, by loading ≈ 9.7 mL saline, 40 volume fractions were collected at 200 µL (for the first 35 fractions) and 540 µL (for the last 5 fractions) ([[Figure S2B](https://www.dovepress.com/get_supplementary_file.php?f=241971.pdf)]{.ul}). The ^89^Zr-FH was collected from $\documentclass[12pt]{minimal}
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\end{document}$2.3--4.3 mL and the activity of each eluted volume was measured by gamma counter and an elution activity curve was plotted. Next, to concentrate the \[^89^Zr\]Zr-FH product, the purified sample plus 2 mL saline was loaded on to a 50 kDa MC Amicon filter for centrifugation (at 370 g (rcf) under room temperature). The final purified product was then collected at 200 µL saline ([[Figure S2B](https://www.dovepress.com/get_supplementary_file.php?f=241971.pdf)]{.ul}). Finally, an SEC RCP analysis was performed on a PD-10 column for the purified product. The RCY and RCP were further confirmed by radio-TLC analysis as \[^89^Zr\]Zr-FH solutions (2 µL, the reaction mixture for RCY and final purified product for RCP) was visually located at the origin of the radio-TLC plates. After the TLC plates were developed by CTW, each radio-TLC plate was then cut into 1 cm pieces, each of which was readout using the gamma counter. The radio-TLC activities were plotted as a function of distance.

### Transmission Electron Microscopy (TEM) {#S0002-S2002-S3003}

A separate non-radioactive \[^90^Zr\]Zr-FH sample was prepared using \[^90^Zr\]Zr-chloride solution (n~Zr~ ≈ 8.2 µmol, N~Zr~ ≈ 493 ×10^16^ atoms) and 33.3 µL FH (n~FH~ ≈ 3.0 nmol, N~FH~ ≈ 184 ×10^13^ nanoparticles, n~Fe~ ≈ 17.9 µmol, N~Fe~ ≈ 107×10^17^ atoms) using a similar HIR and purification method. This provided a ^90^Zr-to-FH molar ratio of ≈ 2700 (or 1 Zr atom to ≈2 Fe atoms), which is more than 5 orders of magnitude higher than the ^89^Zr-to-FH molar ratio (≈ 0.0042) for the radioactive labeling procedure. The final product was diluted with deionized water (DIW) (at 0.001 w/w%) before TEM imaging using the JEOL-2100 at 200 keV. Images were analyzed using ImageJ and MATLAB software to determine the change in signal intensity in \[^90^Zr\]Zr-labeled FH particles compared to unlabeled FH samples. The change in average radial transmission profile between unlabeled and labeled FH was then calculated and the corresponding change in volume, $\documentclass[12pt]{minimal}
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\end{document}$≈ 750 μg is the total initial mass of Zr (n~Zr~ ≈ 8.2 µmol).

### Phantom Imaging {#S0002-S2002-S3004}

Six vials were prepared at the dimension of diameter: 11.6 mm, height: 32 mm, and volume: 1.8 mL ([Figure 2](#F0002){ref-type="fig"}). A series of dilutions of \[^89^Zr\]Zr-FH samples were prepared in these 6 separate phantom vials with DIW at sample solution volume of 2 mL. A control phantom vial was made with DIW only. All the vials were placed into a round holder used for simultaneous PET-MR imaging. [Table 1](#T0001){ref-type="table"} summarizes the phantom vial \[^89^Zr\]Zr-FH dilutions. As the MR scans for the two highest FH \[Fe\] samples were too short for T2W images and also produced insufficient contrast in T1W images, only the FH \[Fe\] = 0.70, 1.05 and 1.59 mM samples were used for analysis.Table 1Summary of ^89^Zr-FH Dilutions in Phantom Vials Prepared for PET-MR ImagingPhantom NumberVial 1Vial 2Vial 3Vial 4Vial 5Vial 6Fe mass (mg)00.0470.100.150.240.36Fe concentration (mM)00.701.051.592.383.57^89^Zr activity at imaging time (MBq)00.981.482.223.334.99[^1] Figure 2PET-MR imaging phantoms.**Notes:** Phantom vials (11.6 mm × 32 mm, V = 1.8 mL) containing \[^89^Zr\]Zr-FH dilutions with varying FH Fe concentrations and \[^89^Zr\]Zr initial activities prepared for simultaneous PET-MR imaging.**Abbreviations:** PET, positron emission tomography; MR, magnetic resonance; FH, Feraheme.

Immediately after preparation of the radioactive samples, the phantom vials were scanned using a simultaneous pre-clinical PET-MR scanner (MR Solutions 3 T). A standard whole mouse body PET-MR coil was used for both the PET and MR scans. The PET scan was acquired over a period of 5 mins. Multi-slice (N=2) T2W and T1W images were acquired with different time-to-echo (TE), ranging from 11 to 90 ms with repetition times (TR) of 350 to 3000 ms using a fast spin echo (FSE) sequence, with flip angle 90°, field of view (FOV) = 60 × 60 mm^2^, matrix = 256 × 256, and slice thickness = 1 mm. Multiple acquisitions of the T1W (at TE=11 ms with TR = 350 ms) and T2W (at TE = 90 ms with TR= 3000 ms) scans were acquired to obtain the averaged MR images. In addition, MR scans were acquired at different combinations of TEs and TRs for the \[Fe\] = 0.7 mM phantom to obtain a relaxometric map. The mean magnitudes of T2W and T1W FSE image signal intensities were obtained within drawn circular regions of interest (ROIs) using MATLAB software for each sample.

To quantitatively analyze the PET-MR images, we used the following metrics: the signal-to-noise (SNR) ratio; a relative contrast to water (RCW) metric for the contrast-enhanced MR images acquired at a single TE; and the full width at half maximum (FWHM) of the line spread function (LSF) for the spatial resolution assessment.

The T1W average MR image, which has the highest spatial resolution and SNR, was used to co-register the PET-MR images using MATLAB software. Co-registration was computed using the intensity-based image registration function "imregister" which is an in-build package in the image processing toolkit. To assess the spatial resolution of the co-registered PET-MR images, the FWHM was calculated from the LSF based on the edge smearing function (ESF) using equations (2) and (3):[@CIT0025] $$\documentclass[12pt]{minimal}
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The ESF was calculated from line profiles of the averaged MR, PET and co-registered PET-MR images, where *X, x~i~*, and n are the input array of voxel intensity data, the *i^th^* element of *X* and the number of voxels used in averaging, respectively.

The SNR voxel histograms of the MR images (both N=1 and N=20) are defined as $$\documentclass[12pt]{minimal}
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\end{document}$$

where *I*~i~ is the intensity of the i^th^ voxel signal within the drawn circular ROIs and σ~sig~ is the standard deviation of the voxel signals. [Equation (4](#M0004)) is used to calculate the SNR histograms for T2W and T1W original and averaged MR images, respectively. The average SNRs for the simultaneous PET-MR and separate PET and MR images were calculated from the SNR histograms.

The RCW was defined in terms of the difference between the mean image intensities of the phantom vials containing the FH contrast relative to that of the water-only vial:[@CIT0026] $$\documentclass[12pt]{minimal}
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where subscripts "FH" and "w" refer to Feraheme and water, respectively. This was calculated for the MR images acquired at TE=90 ms (with TR = 3000 ms) for T2W and TE = 11 ms (with TR = 350 ms) for T1W scans. The RCW defined by [Equation (5](#M0005)) and ([6](#M0006)) is more useful than one defined in terms of linear intensity difference, which cannot be directly related to R~2~ or R~1~ and hence, to the FH \[Fe\]. [Equation (5](#M0005)) is thus used to determine the concentration at which contrast is negative or positive.

Results {#S0003}
=======

Synthesis of \[^89^Zr\]Zr-FH and Radiochemical Analysis {#S0003-S2001}
-------------------------------------------------------

The synthesis of \[^89^Zr\]Zr-FH was carried out by the incubation of a solution of \[^89^Zr\]Zr-oxalate and FH in CTW under 120°C for 3 hrs using the magnetic stirrer for mixing. The reaction efficiency and the quality of the product were analyzed by SEC and TLC methods indicated by RCY and RCP, respectively ([[Figure S3](https://www.dovepress.com/get_supplementary_file.php?f=241971.pdf)]{.ul}). As the \[^89^Zr\]Zr-DFO complex is smaller in size than \[^89^Zr\]Zr-FH, it was included by the PD-10 column while the nanometer-sized \[^89^Zr\]Zr-FH passes through (excluded by the column). Thus, after applying the first 2.3 mL saline, the \[^89^Zr\]Zr-FH eluted down the column faster than the \[^89^Zr\]Zr-DFO complex. After applying another 12 mL saline, the first \~2--3 mL contained the radiolabeled \[^89^Zr\]Zr-FH (brown color solution, [[Figure 2SB](https://www.dovepress.com/get_supplementary_file.php?f=241971.pdf)]{.ul}). For TLC analysis, the \[^89^Zr\]Zr-DFO complex remained at the origin ($\documentclass[12pt]{minimal}
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\end{document}$ ≈ 1.0). The average decay corrected RCY was 92 ± 1% with RCP of ≈98%. The activity of purified \[^89^Zr\]Zr-FH product was measured to be ≈17.2 MBq. Both RCY and RCP results were further confirmed with radio-TLC measurements. Our RCY and RCP values are remarkably similar to results obtained in a previous study[@CIT0010] reporting on chelate-free HIR of FH, thus demonstrating the robustness and reproducibility of this technique.

Transmission Electron Microscopy (TEM) {#S0003-S2002}
--------------------------------------

The mophology, size homogeneity, and electron density of ^90^Zr unlabeled and labeled FH NPs were characterized by TEM. [Figure 3A](#F0003){ref-type="fig"} and [B](#F0003){ref-type="fig"} present the TEM images of FH and ^90^Zr-FH, respectively. These images represent transmission of the electron beam through the electron-dense particle cores. [Figure 3C](#F0003){ref-type="fig"} shows the average transmission profile for FH and ^90^Zr-FH. After labeling with ^90^Zr, the average particle diameter increases by ≈10% and the mean signal intensity decreases by ≈25%, thus indicating a higher electron density per labeled nanoparticle. Additionally, the average signal intensity at the edges of the transmission profile for labeled FH is lower by ≈11%, which further indicates an increase in electron density at the surface of the nanoparticle core. These results suggest that the ^90^Zr ions bind predominantly to the surface layer of the magnetite core. This is also consistent with our previous study.[@CIT0007] The inductively coupled plasma mass spectrometry analysis of a range of HIR labeled metal-FH products demonstrated that all of Sr^2+^, Ba^2+^, Mo^3+^, Pb^2+^, Cu^2+^, Bi^3+^, In^3+^, Y^3+^, Lu^3+^, Sm^3+^, Tb^3+^, and Eu^3+^ cations were adsorb onto the FH surface via Radiocation Surface Adsorption.[@CIT0007] The labeling yield (LY) is calculated using [Equation (1](#M0001)), with the change in volume per FH particle, $$\documentclass[12pt]{minimal}
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\end{document}$$Figure 3TEM images of FH and corresponding transmission line profiles. (**A**) unlabeled FH (UL-FH) and (**B**) \[^90^Zr\]Zr --labeled FH (L-FH) (scale bar is 20 nm); (**C**) average transmission profile of FH in each image.**Abbreviations:** TEM, transmission electron microscopy; FH, Feraheme.
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\end{document}$ are the mean radii of the labeled and unlabeled nanoparticles, respectively (cf. [Figure 3C](#F0003){ref-type="fig"}), and N~FH~ ≈ 184 ×10^13^ nanoparticles. This gives $\documentclass[12pt]{minimal}
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Phantom Imaging {#S0003-S2003}
---------------

### Phantom MRI {#S0003-S2003-S3001}

A relaxometric map derived from the FSE MR phantom images at different TE and TR is shown in [Figure 4](#F0004){ref-type="fig"}. This map demonstrates that positive contrast (white-gray shaded area) can be achieved at short TEs (up to 40 ms) with TRs up to 1000 ms, while negative contrast (dark gray area) can be achieved at higher TEs (up to 90 ms) with TRs up to 3000 ms. No contrast can be achieved for scans with TEs \> 40 ms and TRs \< 1000 ms (non-shaded region in [Figure 4](#F0004){ref-type="fig"}).Figure 4Relaxometric map for MR imaging of FH at different TE and TR. White-gray area indicates positive contrast relative to water, darker gray indicates negative contrast. The black and white circles indicate the parameters used to obtain. [Figures 5](#F0005){ref-type="fig"} and [6](#F0006){ref-type="fig"}**Abbreviations:** MR, magnetic resonance; TE, echo time; TR, repetition time; SNR, signal-to-noise ratio; T1W, T1 weighted; T2W, T2 weighted.

[Figures 5](#F0005){ref-type="fig"} and [6](#F0006){ref-type="fig"} show the statistical analyses of T1W and T2W MR images, respectively. The original (N=1) and averaged MR images (N= 20) are shown in [Figures 5A](#F0005){ref-type="fig"} and [B](#F0005){ref-type="fig"} and [6A](#F0006){ref-type="fig"} and [B](#F0006){ref-type="fig"}, respectively. For T1W MR images ([Figure 5](#F0005){ref-type="fig"}), despite the relatively short TE and TR (11 ms and 350 ms, respectively) all of the FH samples (with \[Fe\] = 0.70--1.59 mM) demonstrated a positive contrast relative to water. The vial containing the smallest FH concentration (\[Fe\] = 0.7 mM, circled ROI) demonstrated the strongest positive contrast. The mean SNRs calculated from the voxel histograms were 30.0 ± 1.4 and 131.4 ± 1.5 for the original and averaged T1W images ([Figure 5](#F0005){ref-type="fig"}C), and 3.0 ± 1.5 and 12.6 ± 1.6 for the original and averaged T2W images ([Figure 6C](#F0006){ref-type="fig"}). [Figures 5D](#F0005){ref-type="fig"} and [6D](#F0006){ref-type="fig"} shows that for both T1W and T2W averaged images, SNR improved by $\documentclass[12pt]{minimal}
\usepackage{wasysym}
\usepackage[substack]{amsmath}
\usepackage{amsfonts}
\usepackage{amssymb}
\usepackage{amsbsy}
\usepackage[mathscr]{eucal}
\usepackage{mathrsfs}
\DeclareFontFamily{T1}{linotext}{}
\DeclareFontShape{T1}{linotext}{m}{n} {linotext }{}
\DeclareSymbolFont{linotext}{T1}{linotext}{m}{n}
\DeclareSymbolFontAlphabet{\mathLINOTEXT}{linotext}
\begin{document}
$$\sqrt N $$
\end{document}$.Figure 5Statistical analysis of SNR voxels of original and averaged MR images. T1W scan (with TE = 11 ms, TR = 350 ms) of the original (**A**) and averaged (**B**) MR images, respectively, with blue and red circles indicating region of interest used to calculate SNR histograms for the lowest FH \[Fe\], 0.7 mM; (**C**) SNR voxel histograms of original and averaged images; (**D**) SNR values as a function of number of images used in averaging. The dashed line indicates the expected SNR increase with $\documentclass[12pt]{minimal}
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\end{document}$.**Abbreviation:** SNR, signal-to-noise ratio.Figure 6Statistical analysis of SNR voxels of original and averaged MR images. T2W scan (with TE= 90 ms, TR = 3000 ms) of the original (**A**) and averaged (**B**) MR images, respectively, with blue and red circles indicating region of interest used to calculate SNR histograms for the lowest FH \[Fe\], 0.7 mM; (**C**) SNR voxel histograms of original and averaged images; (**D**) SNR values as a function of number of images used in averaging. The dashed line indicates the expected SNR increase with $\documentclass[12pt]{minimal}
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[Figure 7](#F0007){ref-type="fig"} plots the RCW as a function of FH \[Fe\] for both T1W (TE = 11 ms and TR = 350 ms) and T2W images (TE = 90 ms and TR = 3000 ms). Both the theoretical fit (dashed lines) and experimental measurements (data points) demonstrates values of T1W and T2W RCW increase rapidly for \[Fe\] up to $\documentclass[12pt]{minimal}
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\end{document}$ 0.3 mM. At FH \[Fe\] \> 0.3 mM, however, the T1W RCW decreases to zero at the highest FH \[Fe\] (i.e. 3.57 mM), while the T2W RCW reaches the maximum 100% at FH \[Fe\] \> 1.5 mM.Figure 7Measured relative contrast to water (RCW) for T1W (with TE= 11 ms, TR = 350 ms) and T2W (with TE= 90 ms, TR = 3000 ms) MR images acquired with different Fe FH concentrations. Dashed lines represent RCW values predicted by equation (3).**Abbreviations:** S~T2,Fe~ and S~T1,Fe~,T2W and T1W MR signals of Fe FH samples, respectively; S~T2,w~; S~T1,w~, T2W and T1W MR signals of water, respectively.

### Phantom PET-MRI {#S0003-S2003-S3002}

[Figure 8](#F0008){ref-type="fig"}D shows the co-registered averaged PET-MR images computed by intensity-based image registration using the averaged T1W MR ([Figure 8A](#F0008){ref-type="fig"} and [B](#F0008){ref-type="fig"}) and PET ([Figure 8C](#F0008){ref-type="fig"}) signal intensities. [Figure 8E](#F0008){ref-type="fig"} and [F](#F0008){ref-type="fig"} shows zoomed-in PET and PET-MR images of the phantom containing the lowest FH \[Fe\] and \[^89^Zr\]Zr activity concentration. The LSF profiles shown in [Figure 8G](#F0008){ref-type="fig"} for MR (for the lowest FH \[Fe\] = 0.70 mM), PET (with the lowest \[^89^Zr\]Zr initial activity, A~0~ = 0.98 MBq) and the co-registered averaged PET-MR images demonstrate that the spatial resolution of the PET-MR image (FWHM = 0.8 mm) is $\documentclass[12pt]{minimal}
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\end{document}$ 62% better than the PET-only image (FWHM = 2.1 mm). [Table 2](#T0002){ref-type="table"} lists the corresponding values for the mean intensity, standard deviation and SNR for the MR and PET images before and after co-registration. The co-registered PET-MR images display higher mean intensity, relative to the MR-only images, and reduced noise, relative to the PET-only images, and while the SNR for the co-registered PET-MR images reduces by a factor ≈3 relative to the MR images, almost an 8-fold gain in SNR is achieved relative to the PET images. Furthermore, this maximum gain is achieved with the lowest ^89^Zr-FH dosage used in our study that also produces the highest T1W relative contrast to water (cf. [Figure 7](#F0007){ref-type="fig"}).Table 2Mean Intensity, Standard Deviation and Corresponding SNR Values for the Averaged T1W MR Images (at TE=11 Ms, TR = 350 Ms, N= 20) and PET Phantom Images at Different FH Fe Concentrations and Initial ^89^Z ActivitiesFe (mM)A~0~ (MBq)$\documentclass[12pt]{minimal}
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\end{document}$SNR~MR~SNR~PET~SNR~PET-MR~0.700.981401.91617.31509.610.7268.155.4131.46.0346.11.051.481255.22872.82064.013.2450.091.892.36.3832.81.592.22799.04435.92617.411.1767.4156.372.95.7820.6[^2] Figure 8Spatial resolution assessment for MR, PET and co-registered PET-MR images. T1W image (with TE= 11 ms, TR = 350 ms) of the original (**A**) and averaged (**B**; N = 20) MR images (\[Fe\] = 0.70, 1.05 and 1.59 mM), respectively; (**C**) Reconstructed PET image (A~0~ = 0.98, 1.48 and 2.22 MBq); (**D**) Co-registered PET-MR (computed by averaging signals from PET and MR); dashed red, blue and green lines indicate where line profiles were calculated and used to measure FWHM at the edge of phantom images containing the lowest FH \[Fe\] (i.e. 0.7 mM) and ^89^Zr activity concentration (0.98 MBq); zoom-in of PET (**E**) and PET-MR (**F**) phantom images; (**G**) measured line spread function (LSF) of the MR, PET and PET-MR images.**Abbreviations:** FWHM, full width at half maximum; LSF, line spread function.

Discussion {#S0004}
==========

Radiochemical Analysis {#S0004-S2001}
----------------------

The radiochemical analysis ([[Figure S3](https://www.dovepress.com/get_supplementary_file.php?f=241971.pdf)]{.ul}) demonstrates that under basic conditions (pH \~ 8--9) ^89^Zr^4+^ ions react thermally with the FH core and result in high RCY and RCP. These results are also consistent with a previous study[@CIT0027] and confirm the efficiency and robustness of the novel HIR technique. Therefore, cations with f-orbital electrons, more empty d-orbitals, larger radii, and higher positive charges (or higher oxidation state) result in a stronger electrostatic interaction and thus stronger bonding with the surface and a higher radiochemical yield (RCY).[@CIT0007] In our recent publication,[@CIT0007] we report on a method to optimize the HIR technique to further enhance the RCY by approximately 20% which could be applied in future work to further increase the RCY of radiolabeling FH SPIONs with^89^Zr.

The stability of the prepared radiolabeled FH SPION was fully characterized in our recent studies.[@CIT0007],[@CIT0008],[@CIT0027] A complete picture for the stability of HIR-FH NPs includes three aspects. The first is FH's extremely high thermo-stability sourced from the good number of carboxyl groups on the CMD and presented by: i) the use of terminal sterilization at 121°C during manufacture;[@CIT0028] ii) its storage for months at room temperature (20--25°C) as a concentrated (30 mg of Fe/mL) fluid for intravenous injection; and iii) minimal variation of NP sizes and MR relaxivities (r~1~ & r~2~) post HIR heating.[@CIT0007],[@CIT0008],[@CIT0027] The second is the chemical stability of CMD--iron oxide interaction which permits the conversion of carboxyl groups to amino or azido/alkyne functional groups, followed by multifunctional modifications through amide formation[@CIT0027] or click chemistry.[@CIT0009] The third is their high radiochemical stability both in vitro analyzed by TLC of HIR-FH in references and in vivo without any noticeable bone uptake in PET/CT imaging both in mice[@CIT0008],[@CIT0027] and monkey (unpublished results).

Transmission Electron Microscopy (TEM) {#S0004-S2002}
--------------------------------------

The purpose of this was to achieve metal ion loading on FH sufficiently high to produce a measurable change in TEM and thereby provide additional information on the location of binding to the SPIONs. The TEM images ([Figure 3A](#F0003){ref-type="fig"} and [B](#F0003){ref-type="fig"}) of the electron-dense core in both unlabeled and ^90^Zr-labeled FH nanoparticles answers several critical questions. First, the HIR does not significantly change the morphology of the particles. TEM images exhibit no noticeable qualitative differences. No obvious signs of aggregation are evident, in contrast to that observed by,[@CIT0010] where the authors found that aggregation increased the average hydrodynamic diameter of ^90^Zr-labeled FH particles to ≈35 nm, as measured by dynamic light scattering, at Zr-to-FH molar ratios \>125. Second, the adsorption of metal isotopes takes place on the surface of the iron oxide core. Quantitatively the relative decrease in signal intensity and increase in core diameter in the ^90^Zr-labeled FH transmission profile ([Figure 3C](#F0003){ref-type="fig"}) indicates that ^90^Zr atoms bind preferentially to the surface layer of the SPION rather than inside the magnetite crystal lattice. Our TEM analysis is consistent with electron spin resonance studies by Boros et al.[@CIT0010] Third, the high labeling efficiency (LY ≈ 91%) at high Zr concentration further demonstrates the high metal ion loading capacity of FH, as well as the efficiency and robustness of the HIR technique. We were able to label ≈ 4.5×10^5^ Zr atoms per FH particle, whereas in the radiochemical reaction, given the amount of specific activity for \[^89^Zr\]Zr (≈0.9 GBq/mL), the loading is only ≈1 Zr atom per 24 FH particles. Furthermore, these results are consistent with our previous findings, an increase of ≈7 nm for HIR metal-FH NPs.[@CIT0007]

Phantom Imaging {#S0004-S2003}
---------------

The image analyses demonstrated that chelate-free \[^89^Zr\]Zr-FH can potentially offer a valuable nanoplatform for PET-MR imaging as a dual MR contrast agent and simultaneous PET tracer. T1 bright contrast images are more practical for clinical applications.[@CIT0029] However, T2 dark contrast images are useful in examining inflamed areas or fluid-rich structures. Therefore, the development of T1/T2 dual modal contrast agents has recently attracted much attention.[@CIT0030]--[@CIT0033] Clinically, T1, brighter images are preferred for better resolution and easy detection.[@CIT0029] However, T2 images are useful for examining inflamed areas or fluid-rich structures. Therefore, the development of T1/T2 dual-mode contrast agents is attracting increasing attention since it may improve both detection limits and retain accuracy.[@CIT0034]

The RCW values demonstrated that both T1 and T2 contrast can be achieved at a range of FH Fe concentrations. Also, stronger T1 contrast was observed at lower FH \[Fe\]. The T1 enhancement of FH can be attributed to several possible factors, such as increased surface iron core exposure (due to high surface area to volume ratio),[@CIT0035] the surface effects on magnetization and water exchange[@CIT0036]--[@CIT0038] and suppressed magnetization at lower Fe concentration.[@CIT0039] Thus, FH has relatively high r~1~ (ie $\documentclass[12pt]{minimal}
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\end{document}$) values[@CIT0040] and can act as a simultaneous MR contrast agent.

The vial containing the smallest FH concentration (\[Fe\] = 0.7 mM, circled ROI) demonstrated the strongest positive contrast ([Figure 5](#F0005){ref-type="fig"}B). This is mainly due to a few factors: (1) since the high surface area to volume ratio of the SPION core, a large number of high-spin paramagnetic Fe^3+^ and Fe^2+^ ions are available at the core surface for water proton exchange, thus changing the spin-lattice relaxation of the surrounding water protons; (2) the pore-based structure of carboxymethyl dextran coating of FH allows for water molecule diffusion to the surface of the core, resulting in high water exchange rate between the water bounded on the SPION surface and the surrounding water; (3) suppression of T2 signal domination at lower FH \[Fe\]. Conversely, for T2W images ([Figure 6](#F0006){ref-type="fig"}) the highest FH \[Fe\] showed strongest T2 contrast. At longer TE and TR (90 ms and 3000 ms), the negative T2 contrast of FH against water positively correlates with FH \[Fe\]. At a constant FH \[Fe\], the magnitude of dark signal intensity depends on the length of TE relative to the relaxation time T2, which is determined by FH \[Fe\]. Therefore, FH MR results suggest that FH can act as a dual-mode contrast agent: T1 contrast and T2 contrast at low \[Fe\] doses. The combination of both T1 and T2 contrast enhancement could be of significant clinical interest, potentially providing more robust MR imaging via self-confirmation with better differentiation of tissues, including normal and diseased areas. A dual-mode contrast agent could potentially eliminate or at least reduce possible ambiguities in a single-mode contrast-enhanced scan, particularly when in vivo artifacts are present.[@CIT0041]

SNR results show that image quality can be dramatically improved by integrating the spatial resolution provided by MR imaging into the PET images. SNR~PET~ increases by up to ≈ 87% for T1W MR images. In addition, the LSF profiles also showed that the spatial resolution of the PET-MR image is higher than the PET image alone by a factor of $\documentclass[12pt]{minimal}
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\end{document}$. This demonstrates the advantage that simultaneous PET-MR provides to imaging applications that require high SNR as well as high contrast. This can be clinically significant, since using \[^89^Zr\]Zr-FH nanoplatform can offer a T1 (as well as T2) enhancement at lower FH \[Fe\] which results in bright images with better resolution. Moreover, since the \[^89^Zr\]Zr activity is relatively smaller at lower \[^89^Zr\]Zr-FH \[Fe\] concentration (due to smaller ^89^Zr^4+^ loading per FH), the SNR and resolution of the co-registered PET-MR images can improve significantly by integrating the T1W MR images. These results demonstrate the proof-of-principle that at a relatively low \[^89^Zr\]Zr-FH dosage, integrating the high spatial resolution of contrast-enhanced MR images with high sensitivity PET images can achieve an overall image quality exceeding that which could be achieved separately with PET alone or MR without a contrast-enhancing agent.

For more than a decade, Feraheme has been utilized in clinics intravenously for anemia treatment in adult patients with chronic kidney disease.[@CIT0042],[@CIT0043] Additionally, FH SPIONs are integrated in the human body via metabolism of iron, and red blood cells production[@CIT0044] and are stored in the body as ferritin causing minimal harm.[@CIT0045] The results presented in this study demonstrate the following important potential clinical applications: 1) Feraheme can be utilized as a clinically safe T2 MRI contrast agent and as a safer alternative to Gd-based T1 contrast agents. It may also minimize erroneous diagnoses from intrinsic-blurred dark T2 signals in hypointense areas (e.g. calcification, metal deposition and bleeding).[@CIT0046] This has contributed to radiologists favoring T1 bright contrast over T2 dark contrast. However, the most commonly used T1 contrast agents, based on paramagnetic Gd, can cause adverse effects in patients with severe nephrogenic systemic fibrosis (NSF). Side effects include impaired renal function[@CIT0047] and long-term deposition of Gd in the brain.[@CIT0048],[@CIT0049] Additionally, the short lifetime in blood of Gd chelates limits the imaging window and reduces the signal-to-background contrast.[@CIT0050] Therefore, the development of a benign alternative to Gd-based contrast agents is a pressing concern in the field of cancer imaging. 2) Dual T1/T2 Feraheme imaging can offer a unique platform to minimize false diagnoses in conventional T2 MR imaging.[@CIT0051] 3) The relaxometric map derived in this study can potentially be used as a guide for choosing the appropriate MR parameters for dual T1/T2 pre-clinical or clinical imaging. 4) The phantom imaging presented demonstrates the first simultaneous PET-MR imaging using ^89^Zr-FH and builds on our previous study demonstrating sequential PET-CT imaging with radiolabeled FH.[@CIT0010] We have shown that the PET and MR images can be utilized in a complementary manner to obtain more accurate diagnostic images (by utilizing the high MR spatial resolution and high sensitivity of the PET signals). 5) The field of imaging in nuclear medicine has increasingly focused on the radiometal ^89^Zr, which has a clinically favorable long physical half-life (78.41 hrs) and chemical properties for immunoPET imaging.[@CIT0052]--[@CIT0055] Therefore, ^89^Zr-FH could potentially be utilized for immunoPET imaging.

Conclusion {#S0005}
==========

We have demonstrated proof-of-principle of a PET-MR nano-platform by achieving synthesis \[^89^Zr\]Zr-FH with high RCY (92%) and RCP (98%), and showing the multi-modal imaging capability of \[^89^Zr\]Zr-FH. We have further demonstrated that FH can act as a dual-mode T1/T2 contrast agent, from the SNR, RCW and spatial resolution analyses, we can conclude that the PET and MR images combine in a complementary manner to result in an overall superior image with a higher spatial resolution (FWHM enhanced by a factor of $\documentclass[12pt]{minimal}
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\end{document}$8) for co-registered PET-MR images while using a clinically relevant dose of radio-isotope and \[Fe\].

Abbreviations {#S0006}
=============

CMD, carboxymethyl dextran; CTW, chelex-treated water; DFO, deferoxamine mesylate salt; DIW, deionized water; ESF, edge-smearing function; FSE, fast spin echo; FH, Feraheme (Ferumoxytol); FWHM, full width at half maximum; \[Fe\], iron concentration; HIR, heat-induced radiolabeling; LSF, line spread function; MR, magnetic resonance; PET, positron emission tomography; Radio-TLC, radio-thin layer chromatography; RCP, radiochemical purity; RCY, radiochemical yield; RCW, relative contrast to water; ROI, region of interest; SEC, size-exclusion chromatography; SNR, signal-to-noise ratio; SPION, super-paramagnetic iron oxide nanoparticle; TEM, transmission electron microscopy; TE, time-to-echo; TR, repetition time; T1W, T1-weighted; T2W, T2-weighted.
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